Although it is believed that little recovery occurs after adult mammalian spinal cord injury, in fact significant spontaneous functional improvement commonly occurs after spinal cord injury in humans. To investigate potential mechanisms underlying spontaneous recovery, lesions of defined components of the corticospinal motor pathway were made in adult rats in the rostral cervical spinal cord or caudal medulla. Following complete lesions of the dorsal corticospinal motor pathway, which contains more than 95% of all corticospinal axons, spontaneous sprouting from the ventral corticospinal tract occurred onto medial motoneuron pools in the cervical spinal cord; this sprouting was paralleled by functional recovery. Combined lesions of both dorsal and ventral corticospinal tract components eliminated sprouting and functional recovery. In addition, functional recovery was also abolished if dorsal corticospinal tract lesions were followed 5 weeks later by ventral corticospinal tract lesions. We found extensive spontaneous structural plasticity as a mechanism correlating with functional recovery in motor systems in the adult central nervous system. Experimental enhancement of spontaneous plasticity may be useful to promote further recovery after adult central nervous system injury.
M
any central nervous system (CNS) lesions lead to functional deficits that fail to improve over time. Yet, spontaneous improvement in motor, sensory, or other neurological function occurs in 41% of patients who sustain spinal cord injuries (1, 2) and in a large proportion of patients with strokes (3, 4) and head trauma (5) . Although some of this improvement seems to result from rapid resolution of diaschisis (transient disruption of electrical transmission) or from functional compensation (use of uninjured systems to compensate for injured pathways) (6, 7) , a significant proportion of functional recovery occurs over a more protracted time period of several weeks to months. This protracted recovery phase results in restitution of original patterns of the disrupted function, often at a less complete level compared with the preinjured state. However, mechanisms underlying long-term recovery are unknown.
The existence of spontaneous recovery over longer time periods raises the possibility that intrinsic structural rearrangements may occur after injury to the adult mammalian CNS. Previous studies have demonstrated that lesions of adult sensory and motor cortex, hippocampus, or red nucleus are followed by compensatory collateral sprouting of axons (8) (9) (10) (11) (12) (13) (14) (15) (16) , although these compensatory changes have not been correlated with functional recovery.
The present study examined mechanisms underlying recovery after lesions of an important motor system in animals, the corticospinal projection to the spinal cord. The corticospinal system was examined because of its well-defined anatomical and functional properties (17) (18) (19) , its relevance to human injury, and its frequent targeting in efforts to promote regeneration after injury (20) (21) (22) (23) (24) . The corticospinal tract (CST) originates in primary motor cortex and projects in the spinal cord through a crossed dorsal component that contains 95% of the descending axons and an ipsilateral ventral component containing less than 5% of all CST axons (Fig. 1) . Two other minor components of the CST also exist, the lateral and dorsolateral components, together constituting less than 2% of CST axons (25) (26) (27) . Precise bilateral lesions were made to either the dorsal CST (dCST, including the dorsal columns) at the cervical C3 level, the ventral CST (vCST) at the cervical C2 level, the entire CST at the medullary level (MED), or both ventral and dorsal components of the CST (d͞vCST) simultaneously at the C3 ϩ C2 levels. An additional group of animals received a dorsal C3 CST lesion followed 5 weeks later by a lesion of the vCST. Effects of lesions on skilled forelimb movement, the primary functional role of the CST, were measured by using a pellet retrieval task (19) . CST axons were then anterogradely labeled with a high-resolution axonal tracer, and brains and spinal cords were examined for responses of axons and their terminals to injury. We found that significant spontaneous structural modifications of CST systems occur after lesions, and these modifications correlate with functional recovery.
Materials and Methods
Animal Subjects. Adult Fischer 344 rats weighing 150-165 g had free access to water throughout the experiment. For behavioral testing, animals were food deprived to no less than 80% of body weight. American Association for the Accreditation of Laboratory Animal Care guidelines for care were strictly observed.
Groups and Surgical Procedures. To make precise lesions in specific components of the corticospinal system, rats underwent (i) a bilateral dorsal column transection to disrupt the dorsal crossed corticospinal projection at C3 (dCST; n ϭ 9), (ii) a bilateral lesion of the ventral uncrossed corticospinal projection at C2 (vCST; n ϭ 4), (iii) a combined bilateral dorsal column and ventral CST transection (d͞vCST; n ϭ 5), or (iv) a bilateral ventral medullary pyramidal lesion just rostral to the pyramidal decussation (MED; n ϭ 9) (Fig. 1 A) . After analyzing results from the preceding groups of subjects, an additional group received dCST lesions followed 5 weeks later by vCST lesions (dCST then vCST; n ϭ 8). Animals were anesthetized with 0.35 ml of a combination of ketamine (50 mg/kg), xylazine (2.6 mg/kg), and acepromazine (0.5 mg/kg). Lesions were made with precise microwire lesion devices as follows.
Cervical dorsal column transection. Rats underwent laminectomy at C3, and a tungsten wire knife (Kopf Instruments, Tujunga, CA) stereotaxically positioned at the spinal dorsal midline (28) was lowered to a depth of 1.1 mm ventral to the dorsal surface, 0.6 mm to the left of midline. The tip of the knife was extruded, forming a 2.25-mm-wide wire arc that was raised 2 mm to lesion the CST bilaterally. A large proportion of the overlying dorsal funicular dorsal sensory ascending projection Abbreviations: CST, corticospinal tract; dCST, lesion of the dorsal component of the corticospinal tract; vCST, lesion of the ventral component of the corticospinal tract; d͞vCST, lesion of the dorsal and ventral components of the corticospinal tract; MED, lesion of the entire corticospinal tract at the medullary level; BDA, biotinylated dextran amine; ChAT, choline acetyltransferase; CNS, central nervous system. was also lesioned by this procedure. The wire arc was retracted back into the wire knife device and removed.
Cervical ventral CST lesion. A 1-mm opening was made in the C2 ventral vertebral body by using an anterior approach. Using a fine microknife (Moria; Fine Science Tools, Belmont, CA), a precise 1-mm-deep, 1-mm-wide lesion of the ventral CST bilaterally was made.
Combined cervical dorsal and ventral lesion. Procedures (i) and (ii) were performed in one session to lesion both the vCST at C2 and the dCST at C3.
Medullary pyramidal lesion. After exposure of the clivus by using an anterior approach, the pyramidal tract was lesioned bilaterally just rostral to its decussation, by using the tungsten wire knife. The knife was stereotaxically positioned just lateral to the basilar artery on the left and was lowered to an intramedullary depth of 0.1 mm. The tip of the knife was extruded, forming a 2-mm-wide wire arc and was raised 1 mm to lesion the left CST. This procedure was repeated on the right to lesion the right CST.
Dorsal then ventral CST lesions. Procedures (i) and (ii) were performed in two surgical sessions. The dCST lesion was first placed as described above, and the vCST lesion was performed 5 weeks later.
Behavioral Testing. For functional analysis, rats were trained daily on a modified skilled forelimb reaching task as previously described (19, 29) . Rats were free to reach with either forelimb into a Plexiglas chamber through a 1.4 ϫ 5.0-cm aperture, across a 2-cm gap, to reach a food pellet (Fig. 1B ). Animals were trained for 2 weeks preoperatively, 30 trials per day, then tested for an additional 3 weeks postoperatively, 30 trials per day, beginning on the second postoperative week. Animals that underwent dorsal-then-ventral CST lesions received an additional 2 weeks of behavioral testing after the second lesion. The number of successful pellet retrievals was recorded. Analysis of specific features of forelimb use while retrieving pellets was also performed to gain insight into mechanisms underlying motor recovery; measurements were based on descriptions of Whishaw et al. (19) . Briefly, pellet retrieval requires coordinated activation of both proximal and distal forelimb muscles, including advancing the forepaw to the pellet (proximal muscles), grasping the pellet (distal muscles), then retracting the limb into the testing box (proximal muscles) while the paw maintains a grip on the pellet (distal muscles). In executing this task, activation of proximal forelimb muscles is generated primarily by neurons of the spinal cord medial motor neuron column, and distal forelimb muscles are innervated primarily by neurons of the lateral motor neuron column (30) . Four features of pellet retrieval were quantified on the last postoperative day of functional testing in each animal: failed advances, the number of times that the forelimb failed to advance fully to reach the pellet (a failure of proximal muscle function); missed aims, the number of reaching attempts that aimed for but missed the pellet (a failure of aiming the limb properly, a proximal muscle function); digit spread, the spreading of digits upon reaching for the food reward (reflecting integrity of distal muscle function); and pellet drops, the number of times that a pellet was lifted but then dropped (a reflection of either proximal or distal muscle function). Digit spread was measured in all trials; failed advances, missed aims, and pellet drops were measured on trials in which the pellet was not successfully retrieved. Each trial was videotaped, and frame-by-frame analysis based on sampling of 30 frames/s was conducted. An observer blinded to group identity rated the behavioral performance of each animal.
Anterograde CST Labeling and Quantification. Three-hundred nanoliters of a 10% solution of biotinylated-dextran amine (BDA; 10,000 MW; Molecular Probes) were injected into each of 18 sites per hemisphere of the rat forelimb sensorimotor cortex (31) . Two weeks later, animals were perfused and 35-m coronal sections were cut from 3-mm-thick tissue blocks at medullary, C2, and C3 cervical lesion sites. An additional block from C4 was processed to quantify CST axons caudal to the lesion. BDA-labeled CST axons were visualized by using avidin-biotin peroxidase incubation followed by diaminobenzidine, H 2 O 2 , and nickel chloride. Ventral horn motoneurons were identified in the same section by immu- nolabeling for choline acetyltransferase (goat anti-ChAT; Chemicon) (28, 32) . BDA-labeled CST axons were quantified in the dCST, vCST, dorsolateral CST, and lateral CST in two coronal sections spaced 200 m apart at the C4 level by using stereological methods. The total number of BDA-labeled dorsal CST axons was quantified stereologically by using a high numerical aperture 60ϫ oilimmersion objective with a 5% sampling frame on images captured with NIH IMAGE software. The total number of BDA-labeled coronal CST profiles contacting ChAT-labeled motoneurons in the medial or lateral motoneuron columns of Rexed's lamina IX was also quantified in ten coronal sections per subject located 40 m apart by using a 60ϫ oil-immersion objective, sequentially moving through each section at 0.1-m increments by using a motorized z axis stage (Ludl, Inc., Hawthorne, NY). Thus, in the sampled sections, all putative BDA contacts with motor neurons were quantified.
Statistics. Group differences were compared by ANOVA and post hoc comparisons by Fisher's least square difference. Data are presented as mean Ϯ SEM.
Results

CST Lesions Are Accurately Targeted and Reduce or Eliminate Pro-
jecting Axons. Specific labeling of the CST with BDA was used to assess lesion completeness and morphological response of lesioned axons. Dorsal bilateral CST lesions at C3 completely interrupted this pathway (Fig. 2 J-L and P) , reducing the number of BDAlabeled dorsal CST axons from 17,000 in intact animals to zero in lesioned subjects. Similarly, ventral bilateral CST lesions at C2 reduced the number of ventral axons by 90% (Fig. 2 M-P) . Combined lesions of both the dorsal and ventral pathway eliminated nearly all CST axons, leaving only a few lateral and dorsolateral axons (Fig. 2 D-F and P) . Finally, bilateral medullary lesions eliminated Ϸ85% of all CST axons; these lesions were incomplete because of the need to avoid damaging the basilar artery that straddles the medial component of the CST (Fig. 2 G-I and P) .
Spontaneous Functional Recovery Occurs After Complete Dorsal Cor-
ticospinal Tract Lesions. During preoperative training, all groups performed the pellet retrieval task equally well; group differences were not evident (ANOVA, P ϭ 0.45; data not shown). Postoperatively, lesions of specific CST components resulted in significant disturbances of skilled forelimb function (ANOVA, P Ͻ 0.0001; Fig. 3 ), but spontaneous recovery occurred depending on the location of the lesion. Whereas intact animals retrieved food pellets in 70.2% of trials, animals with simultaneous lesions of the dorsal and ventral components of the CST bilaterally (d͞vCST) exhibited a severe and persistent reduction in performance, retrieving pellets in only 3.5% of trials (Fig. 3) . Animals with bilateral medullary lesions (MED) also exhibited significant and persistent deficits, retrieving pellets in 24.7% of all trials. Deficits were presumably less severe after MED lesions than in d͞vCST lesions because of sparing of 15% of CST axons in MED subjects, and possibly because of some damage to dorsal column sensory axons in d͞vCST animals. Animals with simultaneous dorsal and ventral CST lesions (d͞vCST and MED groups) exhibited increased errors attributable to both proximal and distal forelimb motor functions (failed advances, missed aims, and pellet drops; Fig. 4) . Animals with d͞vCST lesions in particular showed severe reductions in ability to advance forelimbs (Fig. 4) and absence of digit spread. Significant differences in digit spread were not detected in other experimental groups relative to intact subjects (P ϭ 0.23; data not shown).
Animals with vCST lesions had an initial deficit on the first postoperative week of testing, despite the fact that the lesion affected fewer than 5% of all CST axons (Fig. 3) . However, this deficit rapidly resolved by the second week of testing compared with intact animals. Most pellet retrieval errors in vCST-lesioned animals were attributable to proximal forelimb deficits, with increased numbers of failed advances and missed aims (Fig. 4) .
Interestingly, animals with lesions of the dorsal component of the CST, which contains 95% of all corticospinal axons, also exhibited only transient impairment in skilled forelimb use. Significant impairments in limb use were present 2 and 3 weeks postoperatively in dCST animals; however, these deficits resolved by the fourth postoperative week relative to intact animals, and food pellets were successfully retrieved in 58.5% of trials, an amount that did not differ from intact animals on post hoc Fisher's. Analysis of pellet retrieval pattern on the fourth postoperative week in dCST-lesioned animals revealed a modest increase in the number of errors attributable to either proximal or distal forelimb motor function (failed advances, missed aims, and pellet drops; Fig. 4) . Thus, lesions of greater than 95% of the CST only transiently impaired function on the skilled forelimb task, and functional deficits resolved by the fourth postoperative week.
Corticospinal Axon Terminals Sprout onto Neurons of the Medial
Motor Neuron Pool After Lesions. The number of CST axon terminals on motor neurons in the medial and lateral motor columns in lamina IX of spinal gray matter was quantified in all groups by using detailed analysis of putative BDA-labeled axon contacts with Fig. 3 . Behavior of pellet retrieval. Data are presented for each group as percentage of successful pellet retrievals on the last day of testing 2, 3, and 4 weeks postoperatively. Preoperatively, groups did not differ significantly from one another (P ϭ 0.45; data not shown). Significant postoperative group differences were present; asterisks indicate significant post hoc differences compared with intact animals (post hoc Fisher's). Animals with lesions of ventral plus dorsal components of the CST exhibited long-lasting, stable deficits in skilled forelimb use. Animals with isolated lesions of either the dorsal CST or ventral CST showed significant deficits compared with intact animals 2 weeks postlesion, which improved by 4 weeks postlesion. Thus, recovery occurred over several weeks after isolated lesions of the dorsal or ventral CST. Fig. 4 . Behavior. Detailed analysis of forelimb movements revealed the nature of errors in pellet retrieval 4 weeks postoperatively. Animals with long-lasting deficits in pellet retrieval (d͞vCST, MED) exhibited particular dysfunction of proximal forelimb use. Animals with d͞vCST lesions showed a 9-fold increase in failed advances and a 6.4-fold increase in missed aims compared with intact animals. In contrast, animals with dCST lesions had only a small increase in failed advances (1.4-fold), missed aims (2-fold), and pellet drops (1.9-fold) and failed to exhibit long-term deficiencies in pellet retrieval rate (see Fig. 3 ). ChAT-labeled motoneurons at C4 in ten sections per subject (Fig.  5) . Direct projections from ventral CST axons to neurons of the medial motor neuron pool were revealed for the first time (Fig. 5  A-C) . Notably, total numbers of CST contacts with the medial motor neuron pool significantly increased following lesions to the dCST, reaching levels 331% greater than those of intact animals 6 weeks postoperatively (P Ͻ 0.001; Fig. 5D ). Animals with lesions that included the ventral component of the CST did not exhibit this increase (nor did they show functional recovery). In contrast, CST contacts with the lateral motor neuron pool were significantly reduced in all groups with lesions that affected the dorsal CST, including dCST-, MED-, and d͞vCST-lesioned animals (Fig. 5E) . Thus, substantial lesion-induced structural changes in CST contacts with spinal cord targets occurred. Lesions to the dorsal system resulted in compensatory increases from ventral inputs, if such inputs were not also lesioned.
The Number of Corticospinal Axon Contacts with Motor Neurons
Correlates with Functional Performance. Regression analysis demonstrated that the total number of medial ϩ lateral CST axon contacts with motor neuron pools at the C4 level of the cord correlated significantly with ability to perform skilled forelimb tasks (r 2 ϭ 0.89; P ϭ 0.03; Fig. 5F ). Of note, animals with lesions of the dCST attain a quantity of CST axon contacts with motor neuron pools that is intermediate in number between animals with more extensive CST lesions (d͞vCST or MED) and less extensive (vCST) lesions, as a result of compensatory increases in the number of contacts with medial motor neuron pools. Thus, compensatory increases in CST contacts with motor neurons correlate with recovery of skilled motor function and occur spontaneously after CNS injury. These compensatory changes, and functional recovery, are not observed if the vCST is also lesioned when the dCST is lesioned.
Functional Recovery After dCST Lesions Is Abolished by a Subsequent
Lesion of the vCST. The preceding observations implicate spontaneous sprouting of ventral CST axons as a mechanism of functional recovery after dCST lesions. To confirm the presence of functionally significant ventral sprouting, eight additional animals underwent dCST lesions followed by vCST lesions 4 weeks later to determine if recovery was abolished. Two weeks after the first (dCST) lesion, animals exhibited significant functional deficits in the forelimb reaching task (32.7 Ϯ 9.3% reduction in accuracy of pellet retrieval compared with intact animals, P Ͻ 0.01) that recovered to a nonsignificant difference of 18.3 Ϯ 7.4% compared with intact animals (P value nonsignificant). The second (vCST) lesion was then made, resulting in a complete loss of functional recovery 2 weeks later; rats exhibited a severe 70.1 Ϯ 6.9% reduction in pellet retrieval (P Ͻ 0.0001) 2 weeks after placement of the vCST lesion and a 71.8 Ϯ 7.3% reduction in pellet retrieval (P Ͻ 0.0001) 3 weeks after the vCST lesion compared with intact animals. Thus, recovery required ventral pathways.
Discussion
This study reveals that significant spontaneous structural compensation by axons of the corticospinal motor tract occurs after adult CNS injury, and this compensation correlates with functional recovery. The number of putative CST axon contacts on neurons of the medial motor column increased to 331% of levels of the uninjured system following loss of the majority dorsal component of the corticospinal system. Parallel with these changes, rodents recover on a skilled motor task that is sensitive to corticospinal function. Such sprouting may explain protracted improvement in function in many humans after lesions to the CNS (1) (2) (3) (4) (5) .
The increase of putative CST contacts with medial motor neurons likely represents compensatory sprouting from uninjured ventral CST axons; evidence for this is 3-fold. First, BDA-labeled CST axons extended from the ventral CST directly to medial motor neurons, the first observation of such direct projections. Second, sprouting occurred only if lesions spared the ventral CST; sprouting was eliminated in animals with lesions to both the ventral and dorsal components of the CST and was not present in animals with vCST lesions alone. Third, functional recovery was abolished if the vCST was lesioned after the dCST lesion, or if the dorsal and ventral CST were simultaneously lesioned. Thus, sprouting originated from the vCST. Elimination of sprouting after combined dorsal and ventral CST lesions indicated that axons did not sprout from the minor but spared components of the lateral and dorsolateral CST.
Because lesions were accurately placed and functional recovery only occurred when the vCST was spared, it is likely that recovery resulted from compensatory responses of the corticospinal tract rather than other systems. In particular, the highly accurate vCST lesions would affect few if any axons of other systems that influence motor function, including rubrospinal, reticulospinal, propriospinal, raphespinal, or vestibulospinal pathways (6, 7, (33) (34) (35) . Furthermore, the corticospinal system is directly implicated in the recovery because medullary lesions, which affected all components of the CST and did not injure other motor systems, were not followed by functional recovery. It is possible that functional recovery in animals with dCST lesions may have resulted purely from compensatory behavioral strategies mediated through the vCST and that the observed sprouting of ventral CST axons was not necessary for behavioral compensation. However, analysis of the pattern of qualitative limb movements (missed aims, failed advances) in recovered animals revealed no fundamental differences from intact animals, suggesting that a purely behavioral compensation was a less likely mechanism of recovery, although more extensive analysis of fine features of qualitative limb use (7) would be required to draw firm conclusions. It is also possible that structural rearrangements of axons, dendrites, or synapses in fact underlie some cases of behavioral ''compensation'' (36, 37) .
Animals with isolated vCST lesions also exhibited short-term functional deficits, a surprising finding because this tract comprises less than 5% of all axons in the corticospinal projection. This finding, together with the observation that increases in ventral CST axon contacts correlate with functional recovery in dCST-lesioned animals, suggests that the ventral CST may exert a more important contribution to skilled forelimb function than previously appreciated. Indeed, the magnitude of early functional deficits in animals with isolated dorsal or ventral CST lesions was nearly equivalent, suggesting that both of these systems exert important effects on pellet retrieval in rodents. The existence of direct ventral CST projections to medial motor neurons of the cord suggests that transient disruption of these inputs may cause functional deficits related to proximal forelimb dysfunction. In fact, detailed analysis of errors made on forelimb reaching in animals with vCST lesions disclosed such proximal errors, including missed aims and failed advances (Fig. 4) . The mechanism of recovery in vCST-lesioned subjects over the 4-week period of this study may have also involved sprouting of dCST projections, but this effect would be difficult to resolve at the morphological level because 95% of the CST axons were unaffected by vCST lesions.
Return of motor function in lesioned compared with intact animals over the 4-week postinjury period correlated significantly with total numbers of corticospinal terminal contacts with spinal cord motor neurons (Fig. 5F ). Thus, a critical number of direct supraspinal inputs to local motor circuits is necessary to sustain function, and recovery may depend on reestablishing this critical number. Two means of generating such recovery exist: sprouting of nearby axons or regeneration of lesioned axons. The former mechanism is likely to account for the spontaneous motor recovery observed here; the latter mechanism is the subject of numerous experiments (22, 23, 38-45) .
Studies of neonatal spinal cord injury have also reported spontaneous partial functional and morphological plasticity (46, 47) . However, plasticity and functional recovery was not known to emerge from lesioned corticospinal systems of the adult. Rather, recent studies focus on augmenting CNS regeneration in the belief that little morphological plasticity occurs after adult CNS motor lesions. The present findings may help to place regeneration studies in an appropriate context: inherent plasticity does exist in injured spinal motor systems and can lead to recovery of motor function in some circumstances. Thus, efforts to enhance spontaneous plasticity may be a means of promoting further recovery. Recent studies have demonstrated that axonal sprouting can be enhanced by certain compounds (24, 48) . Application of growth factors to local sites of injury, in regions where some plasticity is already occurring, may be another strategy for amplifying axon growth, sprouting, and recovery in the CNS.
